We have conducted a two-color visible-ultraviolet (VIS-UV) resonance-enhanced laser photoionization and pulsed field ionization-photoelectron (PFI-PE) study of gaseous vanadium mononitride (VN) in the total energy range of 56900−59020 cm −1 . The VN molecules were selectively excited to single rotational levels of the intermediate VN( for VN + (X 2 ∆ 5/2,3/2 ). The highly precise energetic and spectroscopic data obtained in the present study are valuable for benchmarking the predictions based on state-of-the-art ab initio quantum calculations.
We have conducted a two-color visible-ultraviolet (VIS-UV) resonance-enhanced laser photoionization and pulsed field ionization-photoelectron (PFI-PE) study of gaseous vanadium mononitride (VN) in the total energy range of 56900−59020 cm −1 . The VN molecules were selectively excited to single rotational levels of the intermediate VN(D 3 Π 0 , v =0) state by using a VIS dye laser prior to photoionization by employing a UV laser. This two-color scheme allows the measurements of rovibronically selected and resolved PFI-PE spectra for the VN + (X 2 ∆; v + =0, 1, and 2) ion vibrational bands. By simulating the rotationally resolved PFI-PE spectra, J + =3/2 is determined to be the lowest rotational level of the ground electronic state, indicating that the symmetry of the ground VN + electronic state is 2 ∆ 3/2 . The analysis of the PFI-PE spectra for VN + also yields accurate values for the adiabatic ionization energy for the formation of VN + (X 2 ∆ 3/2 ), IE(VN)=56909.5±0.8 cm −1 (7.05588±0.00010 eV), the vibrational frequency ω e + =1068.0±0. for VN + (X 2 ∆ 5/2,3/2 ). The highly precise energetic and spectroscopic data obtained in the present study are valuable for benchmarking the predictions based on state-of-the-art ab initio quantum calculations.
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I. INTRODUCTION
Detailed bonding properties of transition metalcontaining molecules are important in many basic and applied research fields, including organometallic chemistry, catalysis, and astrophysics [1] . The accurate bonding descriptions between transition metal atoms (M's) and main group species are partly complicated by the involvement of d-shell electrons associated with transition metal atoms. The existence of unpaired d-shell electrons is known to give rise to many low lying excited electronic states with different multiplicities. As a result, extensive electron correlations are required in order to achieve accurate spectroscopic and energetic predictions of transition metal-containing molecules and their ions by ab initio quantum chemical calculations [1] . In view of the lack of accurate energetic database for this class of compounds, we have recently initiated an experimental program based on high resolution photoionization efficiency (PIE), pulsed field ionization-photoelectron (PFI-PE), and photodissociation measurements, aiming to determine accurate spectroscopic data, such as rotational constants and vibrational frequencies, and energetic properties, such as ionization energies (IE's) and 0 K bond dissociation energies (D 0 's), of transition metal carbides, oxides, and nitrides (MX's) and their cations (MX + 's) (X=C, O, and N). The highly precise IE and D 0 values thus obtained have not only enhanced the spectroscopic and energetic database for these MX/MX + systems, but also served as valuable benchmarks for comparison with predictions of state-of-the art ab initio quantum chemical calculations. Being the simplest molecular systems, the rigorous experimental and theoretical comparisons are expected to provide fundamental insight into the M−X and M + −X bonding interactions.
Several experimental and theoretical studies of VN have been reported [2−6] . Peter et al. have recorded the (0, 0) band of the electronic emission system of VN at around 700 nm and identified the transitions as the A 3 Φ-X 3 ∆ transition system, yielding spectroscopic constants for both the upper and lower states [5] . A laser-induced fluorescence study on the d 1 Σ + -X 3 ∆ 1 transition system of VN was reported by Simard et al. at about the same time [6] . Subsequently, Balfour et al. have performed a high resolution spectroscopic study of the D 3 Π-X 3 ∆ transition system by using the laser ablation and laser-induced fluorescence techniques [2] . Despite these high-resolution study of the neutral VN states, no spectroscopic investigation on cationic VN + states has been reported besides a very crude IE(VN) estimate of 8±1 eV [7] . On the theoretical side, the electronic structures of neutral VN in its ground and low-lying excited states have been investigated by Harrison at the ab initio MCSCF and multireference configuration levels of theory [3] . Kunze et al. have also explored the electronic structures of cationic VN + by employing similar theoretical methods [4] .
Recently, we have successfully investigated the FeC + , NiC + , CoC + and TiO + cations by means of two-color visible (VIS)-ultraviolet (UV) resonance-enhanced PIE and PFI-PE measurements [8−11] . By first selectively exciting MC (MO) to a single rovibronic level of an intermediate neutral state MX * by using a VIS dye laser prior to photoionization by a UV dye laser, we have been able to significantly enhance the PIE and PFI-PE signals for MX + and at the same time reduced the interference from transition metal atoms and other clusters, which are also produced in the laser ablation supersonic beam source. The VIS-UV PFI-PE spectra for FeC + , NiC + , CoC + , and TiO + thus obtained are found to be rotationally well resolved, making possible the unambiguous rotational assignments of the PFI-PE spectra. The highly precise IE(MC) (IE(MO)) and
] values determined in the PFI-PE experiments have been used to benchmark the state-of-the-art ab initio quantum chemical calculations. While the experimental energetic values were found to deviate significantly from the theoretical predictions obtained by using the multireference variation method at the C-MRCI+Q level of theory and density functional theory (DFT) calculations for the FeC/FeC + , NiC/NiC + and CoC/CoC + systems, the CCSDTQ/CBS approach, which involves the approximation to the complete basis set (CBS) limit at the coupled cluster level up to quadruple excitations, has been shown to provide reliable theoretical energetic predictions with deviations to be within ±45 meV compared to experimental measurements [12−14] . In order to include similar theoretical and experimental comparisons for transition metal nitride species, we have extended our high-resolution VIS-UV PIE and PFI-PE measurements to the VN/VN + system. In this work, we report the spectroscopic and energetic results for VN and VN + obtained from the analysis of the PIE and PFI-PE measurements. In addition to the results of previous studies on the FeC/FeC + , NiC/NiC + , CoC/CoC + , and TiO/TiO + systems, the present high-resolution PFI-PE study on the VN/VN + system is expected to provide further test of the ab initio CCSDTQ/CBS computation procedures for accurate energetic and structural predictions of transition metal-containing compounds.
II. EXPERIMENTS
The experimental apparatus and procedures used are essentially the same as those employed in the studies on the FeC/FeC + , NiC/NiC + , CoC/CoC + , and TiO/TiO + systems and have been described in detail previously [8−11] . Briefly, the apparatus consists of a Smalley-type laser ablation supersonic beam source for the generation of cold VN molecules, two dye lasers pumped by a Nd:YAG laser for two-color resonance-enhanced photoionization measurements, a time-of-flight (TOF) mass spectrometer for photoion detection, and a TOF spectrometer for PFI-PE detection. The two dye lasers used in this experiment are the Lambda Physik FL 3002 (VIS output=ω 1 , optical bandwidth=0.2 cm −1 (full-width at half-maximum, FWHM)) and FL 2002 (UV output=ω 2 , optical bandwidth=0.4 cm −1 (FWHM)) dye lasers, which were pumped by the same Nd:YAG laser (Spectra-Physics, Quanta-Ray Pro 230; repetition rate=30 Hz).
Gaseous VN molecules were produced by reacting V atoms with NH 3 (5%NH 3 seeded in He as the carrier gas). The V atoms were generated by laser ablation of a rotating and translating vanadium rod (American Element, 99% purity) by using the second harmonic (532 nm) output of a Nd:YAG laser (Continuum, Surelite-1-30) operating at 30 Hz with a pulse energy of ∼2 mJ. The gaseous VN sample thus formed was cooled by supersonic expansion and skimmed by a circular skimmer (diameter=1 mm) in the beam source chamber prior to entering the photoionization/photoexcitation (PI/PEX) region in the photoionization chamber. A pair of deflection plates was installed between the skimmer and the PI/PEX region and a DC field of 150 V/cm was applied on the deflection plates to prevent the charged and metastable high-n Rydberg species produced in the laser ablation source from entering the PI/PEX region. This arrangement was found to be effective in reducing the background noise in PFI-PE measurements.
The ions formed by photoionization were extracted toward the TOF mass spectrometer for detection by the ion MCP detector by applying a DC electric field of 10 V/cm in the PI/PEX region. For PFI-PE measurements, it is necessary to keep the PI/PEX region field free during the laser excitation in order to minimize the destruction of high-n Rydberg species. Hence a pulsing scheme similar to that used in CoC/CoC + and TiO/TiO + experiments was adopted [9, 11] . An electric field of 0.1 V/cm for the dispersion of prompt background electrons was applied to the PI/PEX region at a delay of 150 ns with respect to the application of the UV ω 2 laser pulse. The electric field pulse of 0.7 V/cm for PFI and the extraction of PFI-PEs toward the electron MCP detector was turned on at a delay of 1.5 µs with respect to the UV ω 2 laser pulse. The energies of both dye lasers were calibrated by using a Coherent WaveMaster to a precision of ±0.04 cm −1 . The ion or electron signal from the MCP detector was amplified by a fast preamplifier (LeCroy research system, 612AM) before being fed into a gated boxcar integrator (Stanford Research system, SR250) for data integration. The analog signal thus obtained was converted to digital data by using an analog to digital converter (Stanford research system, SR245) for data processing by a personal computer. At each setting of the laser energies, the data obtained represent the average of 30 laser shots; and the photoion and PFI-PE intensities have been normalized by the UV ω 2 laser power. All PIE and PFI-PE spectra presented in this work are the average of at least four independent, reproducible scans.
III. RESULTS AND DISCUSSION
Similar to the previous studies, the first step of the experiment is to identify a rotationally resolved band corresponding to the transition to an intermediate state from the ground state of VN so that rovibrationally well resolved PFI-PE spectra can be obtained. Due to the spin-orbit coupling, the ground 3 ∆ state of VN is split into three sublevels approximately 150 cm −1 apart. Thus it is important to make the correct rotational assignments of the PFI-PE spectra. After surveying the transition bands in the visible region, the VN * (D 3 Π 0 , v =0) vibronic band was picked as the intermediate state for the subsequent PIE and PFI-PE measurements. The upper spectrum in Fig.1 and scanning the energy of the VIS ω 1 while measuring the intensity of VN + signal. According to the standard formula, for the vibrational energy:
and for the rotational energy:
the energy of the VN 
where ∆T e e is the energy difference between the potential minimum of the excited electronic state and that of the ground electronic state, ω e and ω e χ e (ω e and ω e χ e ) are the harmonic frequency and anharmonicity constant for the excited (ground) state, B (B ) is the rotational constant for the excited (ground) state, J (J ) is the total angular momentum for the excited (ground) state and Ω (Ω ) is the total electronic angular momentum about the internuclear axis for the excited (ground) state. [2] . These values were adopted directly in the simulation process. According to Eq.(1), we have obtained the simulated spectrum (lower spectrum in Fig.1 ) by assuming a Gaussian instrumental profile (FWHM=0.5 cm −1 ) and a Boltzmann distribution of the rotational levels for the VN(X 3 ∆ 1 , v =0) state governed by a rotational temperature of 35 K. The assignments of the transitions are labeled on top of the experimental spectrum. The observation that the lowest allowed value for J is 0, confirming that the excited state is of 3 Π 0 symmetry and thus the initial state is consistent with the X 3 ∆ 1 state. In order to obtain rotationally resolved PFI-PE spectra in the subsequent UV photoionization measure- ment, it is desirable to select individual transition lines which are well resolved and free of contamination from other transitions. The comparison of the experimental and simulated spectra in Fig.1 shows that the transition lines in the R-branch have irregular peak shapes and intensities, suggesting that of the R-branch is likely overlapping with other transitions. For this reason, we have selected rotational transitions of the P-branch, P(3), P(4), P(5), and P(6) (as marked by downward pointing arrows in Fig.1 ) for preparing VN
The TOF spectrum recorded by means of two-color VIS-UV resonance-enhanced photoionization scheme with VIS ω 1 fixed at 16113.88 cm −1 , the energy of P(4) line, and UV ω 2 fixed at 47619 cm −1 is shown as the upper spectrum in Fig.2 . While the lower spectrum was obtained when the VIS ω 1 laser beam was turned off, i.e., only the UV ω 2 laser beam was employed to interact with the molecule beam. The peaks at 51, 65, and 67 amu are assigned as the ion peaks for V + , VN + and VO + respectively. The VO molecules in the molecular beam were probably produced from VO coating of the V rod. In this experiment, high purity (99.99%) He was used as the carrier gas. Based on the comparison between the upper and lower spectra in Fig.2 , almost all VN + ions were shown to be produced by two-color VIS-UV laser resonance-enhanced photoionization because the VN + signal fell to the noise level when the VIS ω 1 laser was turned off. While nearly all V + and VO + ions were generated by single-color UV two-photon or multiphoton ionization, we found that the intensities of V + and VO + were not affected by the VIS ω 1 laser.
The PIE spectrum of VN depicted in Fig.3 has been measured by setting the VIS ω 1 fixed at 16113.88 cm −1 , the energy of P(4) line, and recording the intensity of VN + ion signal while scanning the UV ω 2 laser output   FIG. 3 The PIE spectrum for the formation of VN + (X 2 ∆, v + =0) recorded by using the two-color VIS-UV laser resonance-enhanced photoionization scheme, in which the VIS ω1 was fixed at ω1=16113.88 cm −1 , while the UV ω2 was scanned in the energy range of 40700−40900 cm −1 . The bottom energy scale represents the UV ω2 energy, and the top energy scale represents the sum of the VIS and UV (or ω1+ω2) energy. The step-like onset at 56885 cm −1 is identified to be corresponding to the formation of VN
in the energy range from 40700 cm −1 to 40900 cm
(bottom energy scale of Fig.3 ). The top energy scale of Fig.3 represents the total energy of the VIS and UV photons (ω 1 +ω 2 ). The PIE of VN + represents the VN + ion intensity normalized by the intensity of UV ω 2 . The PIE onset at 56885 cm −1 can be identified as the IE(VN) for the formation of the ground state of VN + . The observation of the PIE onset is an important step for the PFI-PE measurements to be focused at the relevant photon energy range. As shown below, the IE(VN) value obtained by PFI-PE measurements is significantly more precise than that based on that marked by the PIE step.
The lower spectra in Fig.4 show the PFI-PE spectra for the formation of VN + (X 2 ∆ 3/2 , v + =0, J + ) obtained by fixing the VIS ω 1 laser output at the respective excitation energies of the P(3), P(4), P(5), and P(6) lines and measuring the PFI-PE intensity while scanning the UV ω 2 laser output in the energy range from 40750 cm −1 to 40830 cm −1 . The top energy scale represents the total energy of the VIS and UV photons (ω 1 +ω 2 ) in the energy region of 56870−56940 cm −1 . Since we have been able to selectively excite VN molecules to J =2, J =3, J =4, or J =5 level of VN * (D 3 Π 0 , v =0) state, the rotationally well resolved peaks observed in the PFI-PE spectra represent the transitions to single VN + (X 2 ∆ 3/2 , v + =0, J + ) rovibronic states. On the basis of a standard formula similar to Eq.(1), we have successfully simulated the experimental VIS-UV PFI-PE spectra by assuming a Gaussian instrumental profile (FWHM=1.8 cm (bottom energy scale). These J levels were populated by setting the VIS ω1 energy at the respective P(3), P(4), P(5), and P(6) transition lines shown in Fig.1 . The simulated spectra obtained by assuming a Gaussian instrumental line profile (FWHM=1.8 cm −1 ) for the PFI-PE energy resolution profile are shown as the upper spectra in (a)−(d).
tra in Fig.4 , on top of which the J + -rotational assignments are labeled. The intensity of each peak in the simulated spectra was adjusted to fit the experimental spectra. It should be noted that some of the peaks (marked with asterisk) cannot be assigned, which could be attributed to impurity rotational states, which are different from the targeted J =2, J =3, J =4, or J =5 levels of VN We found in our previous VIS-UV PFI-PE study of the TiO/TiO + system that the 2 ∆ ground state of TiO + is split into two sub-states due to the spin-orbit coupling interaction [9] . Since VN is isoelectronic to TiO, it is expected that the 2 ∆ ground state of VN + is also split into two sub-states. According to this expectation, we observed the excited PFI-PE band for the
higher than the PFI-PE band for the VN + (X 2 ∆ 3/2 , v + =0) ground state. The PFI-PE spectra for the formation of VN + (X 2 ∆ 5/2 , v + =0, J + ) was obtained by measuring the PFI-PE intensity for VN + while fixing the VIS ω 1 laser output at the transition energy of the P(3), P(4), P(5) or P(6) lines and scanning the UV ω 2 laser output from 41060 cm −1 to 41130 cm −1 . The respective PFI-PE spectra thus obtained are plotted as the lower spectra in Fig.5 . The top energy scale represents the total energy of the VIS and UV photons (ω 1 +ω 2 ) in the energy region of 57175−57245 cm −1 . The dominant peaks marked with asterisks in the PFI-PE spectra are likely to originate from UV two-photon or multiphoton ionization of V or VO because the positions and intensities of these unassigned background peaks were found to depend solely on the UV ω 2 laser output. The upper spectra in Fig.5 are the corresponding simulated spectra obtained by assuming a Gaussian instrumental profile (FWHM=1.8 cm −1 ). The well resolved experimental VIS-UV PFI-PE spectra allow unambiguous rotational assignments for the observed 
FIG. 7 Rotationally resolved PFI-PE spectra (lower) and the simulated spectra (upper) for the formation of VN
PFI-PE peaks, which are marked on top of the simulated spectra. The observation that the lowest allowed value of J + is 5/2 confirms the symmetry of this state to be 2 ∆ 5/2 . The least-square fits give the rotational constant B + 0 =0.6535±0.0016 cm −1 and the band origin v 00 + =57216.4±0.8 cm
We have also obtained the PFI-PE spectra for the formation of VN + (X 2 ∆ 3/2 , v + =1, J + ) (lower spectra in Fig.6 ) and for the formation of VN Fig.7 ) by employing the same procedures as described above. The upper spectra are the simulated spectra obtained by assuming a Gaussian instrumental line profile (FWHM of 1.8 cm and band origin v 10 + =57965.6±0.8 cm 
When the scan range was extended to the higher energies, the intensity of the PFI-PE signal was found to decrease drastically.
We have only been able to record the PFI-PE spectra for the formation of
, which are depicted as the lower spectra in Fig.8 . On the basis of the leastsquare fits according to the standard formula, the rotational constant B + 2 =0.6393±0.0021 cm −1 and band origin v 20 + =59010.6±0.8 cm
In our previous PFI-PE study of the TiO/TiO + system, we found that many of the rotational structures observed in the VIS-UV PFI-PE spectra are strongly perturbed and the most intense transition from a given J level is not always the transition with |∆J + |=|J + − J |=0.5, i.e., the transition corresponding to the smallest change in core rotational angular momentum. + and VN/VN + are isoelectronic and the neutral and cationic ground states have the same symmetry, the inconsistency is observed on the rotational photoionization. As Linton et al. pointed out in their study of YO + , the rotational photoionization could be governed by a channel-coupling mechanism [18] . The driving force of this mechanism is expected to be the dipole moment of MO species. The oxide of early transition metal elements, such as TiO and VN, are known to have strong ionic characters. Due to the higher electronegativity of O compared to N atom, the dipole moment of TiO is likely greater than that of VN. Thus, the stronger perturbation of rotational structures by near resonance interloper rotational Rydberg states observed in the TiO/TiO + photoionization system can be attributed by the greater dipole of TiO compared to that of VN.
Considering that the IE(VN) is defined to be the energy separation between the VN + (X 2 ∆ 3/2 , v + =0, J + =1.5) and VN (X 3 ∆ 1 , v =0, J =1) states, we have determined the IE(VN)=56909.5±0.8 cm −1 (7.05588±0.00010 eV). This IE value is significantly more accurate than the previously estimated value of 8±1 eV [7] . The IE(V) has been determined previously to be 6.7463 eV by Page et al. [19] . N) indicates the 9σ molecular orbital of neutral VN has relatively more bonding property compared to that of neutral TiO.
The electronic energy of a multiplet term can be written as:
where T 0 is the electronic energy of the term when the spin-orbit coupling is neglected, A is spin-orbit coupling constant. According to the formula, the energy difference between T e (X 2 ∆ 5/2 ) and T e (X 2 ∆ 3/2 ) is equal to 2A. Thus the spin-orbit coupling constant is determined to be A=153.3±0.8 cm + systems and the theoretical predictions by CCSDTQ/CBS calculations will be presented in a separated article.
IV. CONCLUSION
We have conducted a two-color VIS-UV resonanceenhanced PIE and PFI-PE study on cold gaseous VN generated by using a laser ablation supersonically beam source. The simulation of the measured rotationally well resolved PFI-PE spectra confirms that the VN + ground state is of 2 ∆ 3/2 symmetry. The unambiguous rotational assignment and analysis on the PFI-PE spectra for the formation of the VN + (X 2 ∆ 3/2 , v + =0−2, J + ) and VN + (X 2 ∆ 5/2 , v + =0−1, J + ) states has also enabled the determination of highly precise values for the IE(VN), the difference in 0 K bond energies between the VN + cation and the VN neutral, spin-orbit coupling constant, and vibrational and rotational constants for VN + (X 2 ∆ 3/2 , v + =0−2) and VN + (X 2 ∆ 5/2 , v + =0−1). The energetic and spectroscopic data obtained in this study has served as a reliable benchmark for theoretical predictions obtained based on state-of-the-art ab initio quantum calculations at the CCSDTQ/CBS level.
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